The initial breeding efforts in smooth bromegrass imhigher for the post-1942 group than in 'Lincoln', a direct representative provement capitalized largely on existing natural variaof smooth bromegrass introduced into North America. Selection for increased IVDMD led to an average increase in IVDMD of 9 g kg Ϫ1 tion among introduced germplasm sources that had be-(1.4%), an increase in forage yield of 0.33 Mg ha Ϫ1 (5.0%), and a come naturalized land races (Casler and Carlson, 1995) . Many of the cultivars released in the 1940s consisted of slow rate of progress for smooth bromegrass forage yield is due to increases from seed production fields that had consisits complex polyploid inheritance, emphasis on traits other than forage tently given rise to high-yielding forage production yield, and relatively little concentrated attention from public and fields. Of these cultivars, Lincoln was the most widelyprivate breeders.
grown, presumably due to its superior performance in regional trials (Thomas et al., 1958) . Fifty-five years later, Lincoln remains the most widely grown smooth S mooth bromegrass is native to Eastern Europe and bromegrass cultivar in the USA (Vogel et al., 1996) . broad expanses of temperate Asia. It was intro-
The commercialization of Lincoln and its contemporary duced into North America in 1884, but did not gain cultivars is probably the greatest single-step genetic imwide acceptance until the droughts of the 1930s. Smooth provement made in smooth bromegrass breeding in the bromegrass was one of the few cool-season forage USA (Vogel et al., 1996) . grasses to survive these droughts, leading to a huge deCultivated smooth bromegrass is an auto-allo-octomand and large seed shipments from the Great Plains ploid with 2n ϭ 8x ϭ 56 chromosomes (Armstrong, to the eastern USA (Casler and Carlson, 1995) . Several 1991; Vogel et al., 1996) . Its genomic formula is cultivars were released as direct increases of introduced AAAAB 1 B 1 B 2 B 2 , with an A genome ancestor of B. ecotypes or as naturalized selections of these ecotypes.
erectus Huds. and unknown B genome ancestor(s). Both Large differences among seed lots in establishment caquadrivalents and bivalents are frequently formed durpacity and forage production, discovered from experiing meiosis. However, complex species relationships ment station tests, provided the basis for these initial within the genus suggest that autoploidy, alloploidy, "land race" cultivars.
interspecific hybridization, and genetic introgression between related populations have all contributed to the (Armstrong, 1985) . Limited inheritance studies suggest Nasiruddin, 1971; Ghosh and Knowles, 1964 (Armstrong, 1991 and management schemes, we chose to measure phenoto breeding (Fehr, 1984; Veronesi, 1991) and ensures that estimates of genetic gains are realistic and have a broad infertypes over the breadth of this environmental continuum, ence range. Inferences derived from a specific location were poration, Fairport, NY) were used in the IVDMD and NDF analyses, respectively, by procedures described by Vogel et recognized as specific to the BRM used at that location.
Data were collected beginning the year after seeding for al. (1999) . For the IVDMD procedure, rumen fluid was a 50/50 mix all locations, except Nebraska and Wisconsin, for which stands were allowed to thicken for one additional year prior to data of fluid from a steer on a high quality alfalfa (Medicago sativa L.) diet and from a steer on a low quality diet that consisted collection. Prior to first harvest, two plant height measurements were made: height to the top of the highest panicle and primarily of ground corn (Zea mays L.) cobs. The Kansas State buffer was used in the first digestion step followed by canopy height. Maturity of each plot was scored using the Nebraska rating scale (Moore et al., 1991) . Forage yield of direct acidification (Vogel et al., 1999) . ANKOM F57 filter bags containing 0.5 g of dried sample were used for the the entire plot at Illinois, West Virginia, and Wisconsin, or a 0.9-m swath at Kansas, Nebraska, New York, and North Da-IVDMD and sequential fiber analyses. Eight fermentation vessels were used in each IVDMD replicate so that all samples kota was measured following cutting with a flail chopper or sickle-bar mower. Cutting height was 9 cm at each location, could be analyzed with the same batch of rumen fluid.
Laboratory mean values were used to develop calibration except West Virginia (7 cm). A 300-to 500-g dry matter sample was taken on each plot for dry matter determination. The and prediction equations by modified partial least squares with ISI software. Concentration of N, NDF, and IVDMD of number of cuts per location was determined principally by moisture availability and timing of the first cut (Table 2) .
all samples from all locations were then predicted by the NIRS prediction equations. The predicted NIRS values were used Ground cover of smooth bromegrass was rated on a scale of 0 to 100 immediately after first cut of the last production year in the statistical analyses. Calibration statistics for N, NDF, and IVDMD, respectively, were as follows: SEC ϭ 0.55, 6.90, for each location. Reaction to brown leafspot was scored just prior to first cut in each year at Wisconsin by means of a scale 8.54 g kg
Ϫ1
; R 2 ϭ 0.99, 0.95, and 0.97. Prediction statistics for N, NDF, and IVDMD, respectively, were as follows: SEP ϭ of 0 ϭ no symptoms to 10 ϭ leaves completely diseased.
Dry matter samples from all first-cut harvests were dried 1.0, 14.9, and 21.4 g kg Ϫ1 ; slope ϭ 1.06, 0.97, 1.10; r 2 ϭ 0.98, 0.82, and 0.87. at 60ЊC and ground through a 1-mm screen of a Wiley-type mill and again through a 1-mm screen of a cyclone mill.
All data were analyzed by location, because imbalance in the number of entries per location was too extreme to allow Ground samples were sent to the USDA-ARS Forage Research Laboratory at Lincoln, NE, for forage quality analysis.
analyses across locations. Total annual forage yield was analyzed separately for each year and as plot means over years Sample NIRS spectra were collected from all dried and ground samples with a Model 6500 scanning monochromator (NIRby conventional analysis of variance and nearest neighbor analysis, NNA (Brownie et al., 1993) , separately for each locaSystems, Silver Spring, MD). Sample spectra were categorized into three groups by the "center" option of ISI software (ISI tion. Least squares means from NNA were used to generate mean squares for the adjusted main effect of entry and the Infrasoft International, NIRSystems, Silver Spring, MD). Samples were then selected from each group by the "select" option entry ϫ year interaction. The efficiency of NNA relative to conventional ANOVA was computed as described by Brownie of the ISI software. The spectra from these samples were then merged into one file of 287 sample scans. The scan file was et al. (1993) . Other variables were analyzed by conventional randomized complete block or split-plot-in-time models (Steel used to select 255 samples that were analyzed in triplicate for in vitro dry matter digestibility (IVDMD) and neutral et al., 1996) . Years and entries were assumed to have fixed effects, while replicates were assumed to have random effects. detergent fiber (NDF). The scan file also was used to select 100 samples for determination of forage nitrogen (N) concenBecause genotype ϫ location interactions could not be tested by ANOVA, the relative magnitude of genotype ϫ tration from the subset of 255 samples.
Sample N determinations were completed by the University location interactions was characterized by computing rank correlation coefficients among locations. Patterns of rank corof Nebraska Agronomy Department Soil and Plant Analytical Laboratory by using the LECO combustion method (Model relation coefficients were studied with respect to geographic location, N fertilization rate, and harvest frequency (Table 2 ) FP 428, LECO Corporation, St. Joseph, MI) (Bremmer, 1996; Watson and Issac, 1990) . The ANKOM Rumen Fermenter to determine if any interactions could be attributed to any of these factors. Contrasts were used to test specific differences and the ANKOM Fiber Analyzer (ANKOM Technology Cor- were not related to latitude or harvest frequency, they detection of significant differences for maturity at only tended to cause greater separation among entries. three locations: Kansas, New York, and Wisconsin.
There appeared to be relatively large genotype ϫ Entry ϫ year interactions were not significant. location interactions for ground cover, with most entries Averaged across years, the range from earliest to latest maturing entry at the time of first harvest was late showing dramatic changes in ranking among locations. This suggested that there may be some large differences boot to partial panicle emergence (all spikelets, but not the full peduncle) at Wisconsin; partial panicle emerin adaptation range among these entries. For example, ground cover of 'Beacon' and 'Barton' at Wisconsin gence to pre-anthesis at New York; and early soft dough to late hard dough stage at Kansas. The PL-BDR1 popuwas below average (60 and 65%, respectively), but was average to above-average at all other locations. 'Signal' lation always ranked as the latest maturing entry and 'York' always ranked as the earliest maturing entry.
and 'Badger' had low ground cover at Kansas (68%), but average to above-average ground cover at all other 'Carlton' and 'Magna' a meadow and an intermediate climatype, respectively, were almost as late maturing as locations. The PL-BDR1, Lincoln-HDMD-C3, and Lincoln-HDMDYD-C3 populations had below-average PL-BDR1 at the three locations, although this trend was not observed for the other meadow and intermediate ground cover at West Virginia and Wisconsin and average to above-average ground cover at all other locations. climatype germplasms. There were numerous entries for which rankings were highly inconsistent among the Nine entries ('Alpha', 'Radisson', 'Rebound', 'Saratoga', WB19e, WB20e, and the three WB10 populathree locations, suggesting the existence of genotype ϫ location interaction effects for some entries. tions) had above-average ground cover at all locations. Few contrasts among entries were significant for These results indicate that genetic variation does exist for the timing of reproductive maturity in smooth ground cover. The exception was the effect of selection for IVDMD in the Nebraska and Wisconsin programs. bromegrass, despite numerous reports to the contrary (see reviews: Buxton and Casler, 1993 ; Casler and VoWhen measured at Kansas, Nebraska, and North Da-kota, entries selected for increased IVDMD had mean ground cover that was 6 to 9 percentage units (6.4-11.8% of the mean) higher than entries that had not been selected for IVDMD (all with P Ͻ 0.05). A dramatic loss in persistence, such as that observed following Cycle 3 selection for increased IVDMD in switchgrass, Panicum virgatum L. (Buxton et al., 1995) , was not observed in smooth bromegrass.
Plant Height
There were significant differences among entries for both panicle and canopy height at all seven locations. Because panicle and canopy height were highly correlated with each other (r ϭ 0.61 to 0.94; all P Ͻ 0.01), only panicle height will be discussed. The range among entry means was as low as 12 cm at West Virginia and as high as 27 cm at North Dakota, with LSD(0.05) val- the only entries that tended to be shorter than average at most locations. All other entries were highly sensitive its parent, Saratoga (2.6 vs. 4.6; P Ͻ 0.01). All meadow to entry ϫ location interactions, with large changes in and intermediate climatype entries had low brown leafsranking among locations. pot resistance, with mean scores of 4.1 to 5.0, suggesting There were generally no significant contrast effects that there has been less selection pressure for resistance for panicle or canopy height. The only exception to this in meadow climatype germplasm compared to steppe was for York, which was significantly taller than its climatype germplasm. parent cultivar Saratoga at five of seven locations. InImprovements in brown leafspot resistance are concreases in plant height of York compared with Saratoga sidered beneficial for protecting both forage yield and ranged from 7 to 12 cm (6.9-14.6%) at these five lo-IVDMD (Gross et al., 1975) . Although there is no docucations.
mentation of a direct effect of brown leafspot reaction on forage yield per se, negative rank correlation coefficients between brown leafspot reaction and first-harvest
Brown Leafspot Reaction
forage yield (r ϭ Ϫ0.43; P Ͻ 0.05) or regrowth forage Entry means were significantly different for brown yield (r ϭ Ϫ0.33; P Ͻ 0.10) at Wisconsin suggested a leafspot reaction (P Ͻ 0.01), ranging from 1.2 to 5.0 possible yield increase associated with resistance in some with a mean of 3.7. There was a significant entry ϫ entries. Similarly, Gross et al. (1975) estimated that an year interaction, but relatively high rank correlation 8.3 unit decrease in percentage diseased leaf area would coefficients among years (r ϭ 0.61-0.71; P Ͻ 0.01) indiincrease IVDMD by 10 g kg Ϫ1 . cated relatively minor changes in rank among the 3 yr of evaluation at Wisconsin.
Forage Yield
Brown leafspot reaction declined by an average of 0.21 units decade Ϫ1 (Fig. 1) . Some of this response can The efficiency of nearest neighbor analysis for total annual forage yield ranged from 94 to 163% with a be attributed to the extremely high brown leafspot resistance of PL-BDR1, which is the product of four cycles mean of 116%. Locations were highly variable in their mean relative efficiency: Illinois (128%), Kansas of recurrent selection for resistance (Berg et al., 1986) . However, there were several other entries with superior (135%), Nebraska (97%), New York (102%), North Dakota (107%), West Virginia (122%), and Wisconsin brown leafspot resistance, most deriving from the Wisconsin program, but including York from New York, (121%). Adjusted entry means were significantly different (P Ͻ 0.01 for all locations, except Illinois which had and Barton from Iowa. These entries were developed largely by selection among field-grown spaced plants P Ͻ 0.05). Entry ϫ year interaction was significant (P Ͻ 0.01) only for North Dakota and West Virginia, but conand reflect the frequent presence of large amounts of natural inoculum of P. bromi. Elimination of the most sisted mainly of small changes in magnitude and rank value for entries of intermediate mean yield. Therefore susceptible genotypes prior to applying selection pressure for forage nutritive value traits has been the comall additional analyses were based on means over years.
There was a wide range in mean forage yield among mon procedure in the Wisconsin program (Ehlke et al., 1986) . This is the first documentation of superior brown entries at all locations, with the range exceeding the LSD(0.05) by 2 to 4.5 times, depending on location leafspot resistance in the Wisconsin germplasm, for which entry means ranged from 2.3 to 4.0 with a mean (Table 3) . Mean yields at Illinois, Kansas, Nebraska, North Dakota, and Wisconsin were positively correof 3.0. In addition, York was significantly better than lated, with all but one of their 10 rank correlation coeffiwas b ϭ 0.044 Mg ha Ϫ1 decade Ϫ1 (0.7% decade Ϫ1 ; P ϭ 0.12), which is less than one-fifth of the response obcients between 0.30 and 0.66 (Table 4) . Although the low value of some of these correlations suggested the served for many other forage crops (Veronesi, 1991) . As another measure of progress from 1942 to the prespresence of entry ϫ location interaction, their relative uniformity suggests a reasonable agreement in ranking ent, seven cultivars or experimental populations have been developed largely by selection within Lincoln, Sarof entries among these five locations, despite the variation in BRM among these five locations (Table 2 ). New atoga, or Magna (Table 1) . None of these cultivars had total annual forage yield significantly higher than their York and West Virginia showed almost no agreement with other locations, with the single exception of West parent cultivar, either individually or collectively (data not shown). Virginia vs. North Dakota (r ϭ 0.52, P Ͻ 0.05). Five of the 11 correlations involving these two locations were Both the Nebraska and the Wisconsin breeding programs have emphasized selection for increased forage negative, suggesting that they tended to rank entries in a unique manner. The correlation coefficient between nutritive value, measured either by IVDMD or NDF concentration. Earlier reports suggest that recurrent seNew York and West Virginia was r ϭ Ϫ0.04, indicating no relationship between the two easternmost locations. lection for increased IVDMD has little or no effect on forage yield of smooth bromegrass (Carpenter and Selected steppe climatypes averaged 0.54 Mg ha Ϫ1 (P Ͻ 0.05) higher in forage yield than the introduced Casler, 1990; Ehlke et al., 1986) . Data from this study confirm those previous conclusions, but also suggest that steppe germplasm that had no breeding history (Lincoln), despite lack of significance at two of the five both IVDMD and forage yield can be simultaneously improved. Populations selected for IVDMD averaged locations. Since the release of Lincoln in 1942, most new cultivars have been developed by selection and 0.33 Mg ha Ϫ1 (P Ͻ 0.05) higher in forage yield than unselected populations (Table 3 ). Only at New York breeding. The mean superiority of post-1942 cultivars to Lincoln was due to collective use of higher yielding were unselected populations significantly higher in forage yield than IVDMD-selected populations. germplasm in breeding programs, rather than gradual gains during the next 50 yr. Responses of forage yield Three cultivars form a direct line of descent, illustrating progressive increases in regrowth forage yield. York to date-of-release, post-1942, were significant only when measured at North Dakota (b ϭ 0.142 Ϯ 0.049 Mg ha Ϫ1 was selected from Rebound, which was selected from Saratoga, both for increased regrowth yield or more decade Ϫ1 ; Table 3 ). The mean response over locations rapid recovery (Alderson and Sharp, 1994 ; Casler and increased concentrations of cell wall components that Carlson, 1995) . Averaged across the four locations at confer higher yield, lodging resistance, and perhaps rewhich regrowth was measured (NE, NY, WV, and WI), sistance to herbivory. York and Rebound ranked #1 and #2 among all entries, Between 1942 and 1995, there was little evidence for respectively, in regrowth forage yield.
any overall changes in IVDMD, with linear responses to release date highly variable among locations ( Table   Forage Quality 5). Linear responses to release date were significant for IVDMD only for West Virginia and Wisconsin, averagDifferences among entry means for IVDMD, NDF, ing 3.3 g kg Ϫ1 decade Ϫ1 (0.5% of the mean per decade; and N concentration were significant for all locations, P Ͻ 0.05). This mean response is only about one-fifth except Illinois (all three variables). There were no of that typically observed during recurrent selection for entry ϫ year interactions for these three variables. Entry increased IVDMD, reflecting the fact that most cultivars means differed by up to 67 g kg Ϫ1 in IVDMD (Table  do not represent improvements in forage nutritive value. 5). All but one rank correlation coefficient between loTwo sets of contrasts gave evidence of recent imcations for IVDMD were positive (Table 4) , indicating provements in forage nutritive value (Table 5) . Two general concordance in ranking of entries. Furthermore, selections from Lincoln demonstrated evidence of inthere was no pattern to the IVDMD correlation matrix, creased IVDMD, albeit with very small changes that as was observed for the forage yield correlation matrix.
were not consistent among locations. In addition, the Although these data still indicate the presence of some overall mean of all entries selected for increased entry ϫ location interactions, as indicated by some of IVDMD was 9 g kg Ϫ1 (P Ͻ 0.01) higher than the overall the small correlations, they also support the general mean of all entries that had not received such selection observation that IVDMD of smooth bromegrass is relapressure. This effect was significant at all locations, extively insensitive to genotype ϫ environment interaction cept Illinois. Both this general response and the specific (Buxton and Casler, 1993) .
responses within Lincoln support previous observations Mean IVDMD of steppe climatype germplasm (exthat IVDMD can be readily improved in smooth bromecluding Lincoln) was significantly lower than for Lincoln grass by recurrent selection (Carpenter and Casler, (Ϫ15 g kg Ϫ1 ; P Ͻ 0.01). This trend was observed at all 1990). Wisconsin entries selected for increased IVDMD five locations for which the comparison could be made, averaged 7 g kg Ϫ1 (P Ͻ 0.01) higher than Nebraska although it was significant at only three of the five locaentries selected for increased IVDMD, possibly due to tions. This observation is additional indirect evidence the additional emphasis placed on concomitant selection supporting the speculation of Carpenter and Casler for forage yield in the Nebraska system. The superiority (1990) and Vogel and Sleper (1994) that, historically, of Lincoln-HDMD-C3 over Lincoln-HDMDYD-C3 for forage breeding and natural selection have tended to IVDMD also reflects lack of concomitant selection presreduce the forage quality of temperate forage grass popsure for forage yield in Lincoln-HDMD-C3. ulations. This is likely due to long-term selection presTwo strain crosses between high-IVDMD germplasm sure for both natural and agricultural fitness traits, such as high forage and/or seed yield, lodging resistance, and from the Nebraska and Wisconsin programs (WB19e Table 5 . Means and significance levels for several comparisons of in vitro dry matter digestibility (IVDMD) related to the introduction and selection of smooth bromegrass in North America. develop similar phenotypes from a wide range of apparand WB20e) had significant forage yield heterosis over ently unrelated germplasm. Group I consisted of 13 their midparents (0.34 Mg ha Ϫ1 ; P Ͻ 0.05; Table 3 ).
entries, 11 of which derived from the Wisconsin or NeThese strain crosses had no change in IVDMD relative braska programs, plus Rebound and Manchar. This to their midparents (Table 5) , further suggesting that group was of average mean phenotype and represented there is no inherent negative genetic correlation bea typical range of phenotypic diversity for the entire tween IVDMD and forage yield. Smooth bromegrass group of entries (Table 7) . hybrids, which have shown significant forage yield heterGroup II contained only one entry, PL-BDR1, with osis (Vogel et al., 1996) , may be an excellent mechanism the lowest mean brown leafspot reaction (Table 7) . This of improving forage yield without sacrificing accumuappeared to be the single most unique entry in the test, lated gains in IVDMD, provided both parental strains simply because of its extremely low brown leafspot reachave been selected for increased IVDMD.
tion. It had an average phenotype for all other variables. Differences among entries for NDF tended to be Group III consisted of two Wisconsin experimental smaller than observed for IVDMD, with a maximum populations, WB10-lN and WB10-hD, and Saratoga. range among entries of 55 g kg Ϫ1 (Table 6 ). In addition, This group was characterized by high IVDMD and low fewer contrasts involving NDF were significant. Entries NDF concentration, combined with the highest mean selected for increased IVDMD averaged an 8 g kg Ϫ1 ground cover, high brown leafspot reaction, slightly be-(P Ͻ 0.01) reduction in NDF compared with those that low-average first-harvest forage yield, and average valhad not been selected for IVDMD. This negative genetic ues of the other variables (Table 7) . The inclusion of correlation between NDF and IVDMD has also been Saratoga in this group was something of a surprise, as observed within some recurrent selection populations it only ranked fourth for IVDMD and 7th for NDF (Carpenter and Casler, 1990; Ehlke et al., 1986) . Furconcentration. However, Saratoga was nearly identical thermore, the higher IVDMD of the Wisconsin entries to the other two members of this group for forage yield, compared with the Nebraska entries was also associated panicle height, ground cover, maturity, and brown leafwith reduced NDF (9 g kg Ϫ1 ; P Ͻ 0.01). Both of these spot reaction. effects were significant at all but two locations, indicatGroup IV was an eclectic group of cultivars derived ing a high degree of consistency and relatively little from unrelated breeding programs. They share an exgenotype ϫ environment interaction.
tremely tall average panicle height and a low mean There was only one contrast effect that indicated sig-IVDMD (Table 7) . There are no indicators in the pedinificant changes in N concentration associated with segrees of these cultivars to suggest that they should share lection. Rebound and York (14.8 and 14.5 g kg
Ϫ1
, rethese phenotypic traits, further indicating the large phespectively) both had significantly (P Ͻ 0.01) higher N notypic diversity within numerous smooth bromegrass concentration than their parent cultivar Saratoga (12.8 germplasm pools. g kg
).
Group V was the most unique group, in that it represented both a clear phenotypic and genetic entity ( Fig. 
Cluster Analysis of Entries
2). It showed the least phenotypic relationship to the other four groups, clustering with them at the last node The cluster analysis of entry phenotypes showed conin the dendrogram. These entries were characterized by siderable correspondence to known pedigree relationextremely low first-harvest and regrowth forage yield ships (Fig. 2) . Fifty percent of the sum of squares among and the highest mean brown leafspot reaction. This entries was explained by five clusters of entries. Some group included the three meadow (northern) climatypes of the close associations were of lines that are closely plus two of the three intermediate climatypes (Signal related to each other, eg. Lincoln and Lincoln-HDMDand Magna). Morphological divergence between the C3, WB19e and WB20e. However, most of the close meadow and steppe climatypes is well known and generassociations were of lines that were phenotypically indisally quite distinct (Vogel et al., 1996) . tinguishable, but with diverse pedigrees, e.g., Rebound and Badger, 'Lancaster' and 'Manchar', and Saratoga
Summary
and WB10-lN. This suggests that most germplasm pools of smooth bromegrass contain a wealth of genetic vari-
The experiment documented genetic gains made as a result of selection and breeding steppe-climatype ability for a wide range of traits, allowing breeders to smooth bromegrass in North America between 1942 and are probably several reasons for this. First, the complex polyploid nature of smooth bromegrass conserves ge-1995. Progress was detectable for forage yield, brown leafspot resistance, IVDMD, and NDF concentration.
netic variation for gradual release of new recombinants and transgressive segregants over many generations. Forage yield appears to have been improved over unselected introductions by approximately 0.7 Mg ha Ϫ1 . This is advantageous over the long term, allowing slow, but sustained progress over many cycles of selection. Progress from breeding smooth bromegrass has been slow compared with that observed in many crops. UnSuch slow rates of gain also suggest that considerable care must be exercised to avoid inbreeding in recurrent like grain crops, progress has not been due to gradual increments during the past 50 yr, but rather is due to selection populations, either by using extremely large population sizes or by infusing new germplasm into the specific cultivars that have high yield potential, boosting the mean of the improved-cultivar group. Some of these system on occasion. Second, most of the emphasis during the past 20 yr cultivars have been on the market for many years. There 
